Introduction
Adhesive systems for orthodontic brackets have been developed to obtain suf cient bond strength and maximize convenience. However, despite advances in adhesive technology, bond failure may still occur without proper handling. Care is required during bonding ( Zachrisson and Büyükyilmaz, 2005 ) with respect to environmental conditions ( Rikuta et al. , 2008 ) to achieve successful bonding and to minimize bond failure during treatment.
Most currently used orthodontic adhesives are light cured ( Krishnaswamy and Sunitha, 2007 ) . Such light-curing systems allow suf cient time for bracket positioning and cure the adhesive on demand, which can help prevent contamination saliva. However, light exposure may be of low intensity in areas that are dif cult to reach with the tip of the lighting device, such as the molars. This may result in insuf cient curing depth and lead s to the possibility of bond failure ( Wang and Meng, 1992 ) .
Some light-cured resins have a period of bond strength maturation that peaks at 24 hours after irradiation ( Oesterle and Shellhart, 2008 ) . Yamamoto et al. (2006) reported that bond strength measured immediately after the recommended light irradiation increased by 1.6 -to 1.8-fold in 24 h ours . Although irradiation of high-cured adhesives at recommended light intensity generates suf cient bond Infl uence of light dose on bond strength of orthodontic light-cured adhesives SUMMARY Although the polymerization reaction in light-cured orthodontic adhesive continues for some time after light irradiation, it is unclear whether insuffi ciently irradiated adhesive develops suffi cient bond strength. This in vitro study examined the maturation of bond strength after exposure of a variety of light doses. Large metal brackets were bonded to the enamel of 288 bovine mandibular incisors by irradiation at two light intensities (200 and 400 mW/cm 2 ) and for three exposure times (3, 5, and 10 seconds ) using three orthodontic adhesives (TB, OP , and BOB). Shear bond strengths and adhesive remnant indices (ARI s ) were determined immediately (T1) and 24 hours after bonding (T2 ; n = 8 in each group). Comparisons were made using the Kruskal -Wallis H -test, the Bonferroni-corrected Mann -Whitney Utest , and the Yates-corrected chi-square test. Bond strengths of the adhesives that showed maturation at low light intensity (200 mW/cm 2 ) increased by 1.4 -to 2.0-fold in 24 hours . An increase in exposure time increased bond strength more than did an increase in light intensity for most orthodontic adhesives. With an exposure time of 3 seconds at 200 mW/cm 2 , the ARI scores of TB and OP differed signifi cantly between T1 and T2. Thus, the most acceptable procedure when applying low-dose light intensity to a bracket before the placement of a wire is to increase the exposure time and/or wait for suffi cient maturation of bond strength. strength with maturation, the degree to which the bond strength of an adhesive irradiated at low light intensity is compensated for by maturation remains unknown. Our study thus compared the maturation of adhesives cured at low light intensity with that of adhesives cured at recommended light intensity and examined whether suf cient maturation occurred after short exposure times. tooth surface treatments based on a self-etching primer. All the self-etching primers contain phosphate acid ester monomer, the tooth surface treatment agents of TB and BOB are sixth-generation single-application bonding systems and OP is a seventh-generation single-application bonding system in which all components are mixed together in a single  ask ( Pithon et al. , 2010 ) . A large metal bracket (New Dyna-lock; 3M Unitek) with a surface area of 15.26 mm 2 , which was measured at the sides of the bracket base with digital slide calipers (NTD12P-15C ; Mitutoyo , Kawasaki, Japan), was used in this study. We used an Eliper Freelight (3M ESPE Dental Products, St Paul, Minnesota , USA) or an Ortholux XT (3M Unitek) adjusted to a light intensity of 200 or 400 mW/cm 2 , the light output was measured with a light tester (Jet Light; J. Morita, Osaka, Japan).
Materials and methods

Transbond
This study used 288 bovine mandibular incisors (2 -3 years old) instead of human teeth because they are readily obtainable and consistent. After removing the roots of the teeth with a low-speed Proxxon Mini Band Saw (Proxxon, Niersbach, Germany), the pulp chamber of each tooth was  lled with cotton to avoid penetrating the embedding media. The labial surfaces of the incisors, which were exposed to facilitate the bonding procedure, were positioned level with and parallel to the margin of the mounting mould. Each tooth crown was mounted in self-curing acrylic resin (Tray Resin II; Shofu) to expose the labial surface and placed immediately in tap water to reduce the temperature increase caused by polymerization . The  nal  nish was accomplished by grinding the labial surface of the crown on wet 600 grit silicone carbide paper to achieve a  at surface. After ultrasonic cleaning with distilled water to remove excess debris, the surfaces were washed and dried with oil-free compressed air.
A mixed solution of the self-etching primer was applied to the enamel surface with a disposable applicator for 3 -5 seconds according to the manufacturer's instructions, and the surface was dried with oil-free compressed air. The composite adhesive was applied to the base of the metal bracket and pressed  rmly onto the tooth surface. Excess paste was removed from around the border of the bracket base, and the adhesives were light cured for 3, 5, or 10 seconds from each interproximal side.
The samples ( n = 8 in each group) bonded under each irradiation condition were tested at two time points (T1, immediately after irradiation and T2, after storage for 24 hours in distilled water at 37°C) with a universal testing machine (5567; Instron, Norwood, Massachusetts , USA) in shear mode at a crosshead speed of 1.0 mm/min. Shear bond strength values were calculated based on the peak load at failure divided by the bracket area. All tests were performed at 23 ± 1°C and relative humidity of 50 ± 5%.
Means, standard deviations, and median values of bond strength were calculated. The data were analysed using the Kruskal -Wallis H -test, followed by the Mann -Whitney U -test with Bonferroni's correction.
After the shear bond strength test, each specimen was examined under an optical microscope to identify the location of bond failure. The residual adhesive on each tooth was assessed according to the adhesive remnant index (ARI ; Årtun and Bergland, 1984 ) . Quantitative analysis of the residual adhesive on the tooth surface was performed visually. Each specimen was given an ARI score according to the amount of adhesive remaining on the tooth surface, as follows: 0, no adhesive remaining; 1, <50% adhesive remaining; 2, ≥ 50% adhesive remaining; and 3, all adhesive remaining with a distinct impression of the bracket base. The differences in the distribution of ARI scores were analysed using the chi-square test with Yates correction.
Results
The shear bond strengths of each adhesive system are shown in Figures 1 and 2 . All bond strengths were dependent on exposure time and light intensity, and all bond strengths at T2 were greater than at T1 under the same experimental conditions. Increased exposure time produced higher bond strength than increased light intensity, and 24 hours maturation produced greater increases in bond strength than increased exposure time. At 200 mW/cm 2 irradiation, all bond strengths of TB and OP were signi cantly greater at T2 than at T1 ( P < 0.05). The bond strength of adhesives that showed maturation increased by 1.4 -to 2.0-fold in 24 hours with 5 and 10 s econds irradiations and 6.5 -to 14.2-fold with 3 s econds irradiation. However, no signi cant difference in bond strength was detected in BOB between T1 and T2 for 5 and 10 s econds irradiations at 200 mW/ cm 2 , and the time course for BOB at 200 mW/cm 2 was markedly  atter than at 400 mW/cm 2 . The bond strength of all adhesives irradiated at 400 mW/cm 2 increased by 1.8 -to 4.0-fold in 24 hours .
The ARI scores of all adhesive systems are shown in Table 1 . Increased exposure time resulted in increased residual adhesive on the teeth. Signi cant differences between T1 and T2 ( P < 0.05) were observed only for TB and OP with a 3 s econds exposure time at 200 mW/cm 2 . No signi cant difference was found between light intensities or between T1 and T2 for the other conditions.
Discussion
We examined whether maturation of bond strength occurred with irradiation at low light intensity. After a 3 s econds exposure time at 200 mW/cm 2 (T1), the adhesive pastes remained viscous. Additionally, bond strengths were markedly low; they were signi cantly lower than those at 400 mW/cm 2 . We observed a 6.5 -to 14.2-fold increase in bond strength with maturation. However, the bond strength achieved under these conditions (3 s econds exposure at 200 mW/cm 2 ) is unrealistic for clinical use because the brackets would not withstand masticatory forces.
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After 5 and 10 s econds exposure times, no signi cant difference in bond strength was detected between light intensities at T1. Bond strength did not differ signi cantly between T1 and T2 for BOB at 200 mW/cm 2 but did differ signi cantly at 400 mW/cm 2 . These results indicate an unacceptable maturation of bond strength in BOB when it is cured at low light intensity. On the other hand, bond strengths of OP and TB matured signi cantly (1.4 -to 2.0-fold) over 24 h ours . When only a low light dose can be applied to a location, such as for posterior molars or impacted teeth which are bonded under surgical conditions, the clinician should wait for 24 h ours before applying any orthodontic force or tension to prevent bracket failure. The OP paste is a resin composite mixed with an initiator that is supplied with a commercial resin composite for restorative dentistry (Estelite Flow Quick; Tokuyama Dental), and this ampli ed exposure of ordinary base components, such as Bis-GMA or  ller, to radicals. Uno et al. (2006) performed micro-hardness measurements using the nano-indentation method and reported that the curing properties of Estelite Flow Quick were enhanced by inclusion of an initiator that ampli ed radical production. Our results were consistent with these  ndings; bond strength in the orthodontic adhesive system containing the initiator was double that of BOB at low light intensity after 24 h ours .
The results of the present study indicate that the bond strengths of all adhesives depended on light exposure time i.e. longer irradiation times were associated with high bond strength of the bracket. Silta et al. (2005) investigated the capabilities of the latest generation of light-emitting diodes by evaluating bond strength and reported signi cant differences among light-curing units and polymerization 4 of 5 times. Staudt et al. (2005) reported that bond strength was dependent on light power density. We cured the adhesives using a curing unit adjusted to an intensity of 200 mW/cm 2 (low intensity) and another unit with an intensity of 400 mW/cm 2 (ordinary intensity), and our results indicated that bond strengths were greater at ordinary intensity than at low intensity, although most differences were not statistically signi cant. Grandhi et al. (2001) , Webster et al. (2001) , Zeppieri et al. (2003) , Swanson et al. (2004) , and Fjeld and Ogaard (2006) have cited Reynolds ' (1979) suggestion that a minimum bond strength of 60 -80 kg/cm 2 (5.9 -7.8 MPa) is adequate for clinical use. The bond strength of orthodontic adhesives is affected by the location of the debonding force ( Klocke and Kahl-Nieke, 2005 ) and the testing method used ( Powers et al. , 1997 ) , and simply comparing Reynolds' suggestion with experimental results may not be appropriate for clinical use. It should also be noted that the bond strengths determined in this experiment cannot be equated with those on human teeth because the strength of brackets bonded to bovine teeth may be somewhat lower than that of brackets bonded to human teeth ( Oesterle et al. , 1998 ) . We used TB and BOB, which are sixth-generation tooth surface conditioners, and OP, which is a seventh-generation product ( Pithon et al. , 2010 ) , as experimental materials. With the TB self-etching primer, which has been used in many studies, Öztoprak et al. (2007) reported a mean bond strength of 13.76 MPa under conditions of 72 h ours storage in water, and Santos et al. (2010) reported a mean bond strength of 125.8 N under conditions of 24 h ours thermal cycling. Our T1 bond strength data for BOB (6.4 MPa) and TB (7.3 MPa) at 400 mW/cm 2 intensity were comparable to those reported by Yamamoto et al. (2006) , who used similar experimental conditions (6.7 and 6.5 MPa, respectively). As these bond strengths are the values for bonding that is performed according to the manufacturers' instructions, which are considered relevant to clinical practice. The results of the present study also indicated that the bond strength of BOB with irradiation at 400 mW/cm 2 for 10 seconds achieved a clinically acceptable value at 24 h ours due to bond strength maturation. However, bond strength did not differ signi cantly between T1 and T2 with irradiation at 200 mW/cm 2 . It has also been reported that bond strength peaks at 24 h ours and subsequently decreases ( Oesterle and Shellhart, 2008 ) . The bond strength of BOB with low-intensity irradiation is not likely to be able to withstand orthodontic treatment during 1.5 years or more.
We used the ARI to evaluate the differences for each adhesive after debonding. Fox et al. (1994) reported that the site of bond failure provides information about the quality of the bond between the adhesive and the tooth and between the adhesive and the bracket base. In the present study, ARI scores differed signi cantly between T1 and T2 only for TB and OP at 200 mW/cm 2 light intensity and 3 s econds Table 1 Adhesive remnant index (ARI) of each adhesive system at T1 and T2 . Retief (1974) reported that enamel fractures can occur with bond strengths as low as 13.5 MPa, and failure between the bracket base and the adhesive is desirable in case of high bond strengths so enamel fractures are avoided. However, a number of researchers (e.g. Al Shamsi et al. , 2006 ; Cal-Neto et al. , 2006 ; Faltermeier et al. , 2007 ; Scougall-Vilchis et al. , 2007 ; Montasser et al. , 2008 ) have found less residual adhesive on the enamel when self-etching primers were used, which is considered with this study. Most ARI scores indicated failure between the adhesive and the tooth, and this can be explained by our use of self-etching primers and ground bovine teeth.
Conclusions
The bond strengths of adhesives TB and OP increased 1.4 -to 2.0-fold in 24 h ours at low light doses: this was due to maturation of those adhesives. But there was no such increase for BOB. An increase in exposure time to light increased bond strength more than an increase in light intensity for most orthodontic adhesives. The results of this in vitro study suggest that increasing the exposure time and/or waiting for suf cient maturation of the adhesive are potential ways of increasing bond strengths for brackets which are in locations where it is dif cult for the light to reach. 
